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Introduction {#s01}
============

Perinatal brain injury can cause lifelong motor, sensory, and cognitive dysfunction. Injury may occur as a result of hypoxia, thrombosis, hemorrhage, infection, or trauma. All neonates are at risk; however, prematurity is the most significant risk factor for neurologic injury. The long-term impact depends on gestational age and duration and severity of the event. This review summarizes the pathophysiology, current clinical recommendations, and latest research on strategies to mitigate the impact of or prevent perinatal brain injury ("perinatal neuroprotection").

Research on perinatal neuroprotection typically focuses on the incidence of cerebral palsy (CP). CP is defined as "a group of permanent disorders of the development of movement and posture, causing activity limitation, that are attributed to non-progressive disturbances that occurred in the developing fetal or infant brain...often accompanied by disturbances of sensation, perception, cognition, communication and behavior" \[[@bib-001]\]. The overall incidence of CP in the United States is approximately 2 per 1,000 infant survivors with an incidence of 60 per 1,000 among infants weighing less than 1,500 grams \[[@bib-002]\]. In 2003, the Centers for Disease Control and Prevention estimated overall lifetime costs of CP for a child born in the United States to be \$920,000 \[[@bib-003]\]. Extrapolated to 2013 dollars, the cost is greater than \$1.1 million. In Denmark in 2009, the lifetime cost of CP was similarly estimated to be approximately €830,000 (\$1.1 million) or \$1.2 million extrapolated to 2013 dollars \[[@bib-004]\]. It is important to note that a significant number of children who have cognitive abnormalities attributable to perinatal brain injury, but who do not meet criteria for CP, may be excluded from studies of perinatal neuroprotection due to challenges of diagnosis.

Researchers have attempted to identify strategies for perinatal neuroprotection for decades. Historically, antenatal corticosteroids were the only available intervention for preterm infants, decreasing the risk of intraventricular hemorrhage (IVH), which is highly associated with CP, by up to 65% \[[@bib-005]\]. Several recent advances, including magnesium sulfate and therapeutic hypothermia, show promise at reducing the long-term consequences of brain injury. Additionally, preventative strategies, including delayed cord clamping, progesterone to prevent recurrent preterm birth, and avoidance of infections, may reduce the incidence of perinatal brain injury. Unfortunately, we are still far from eliminating either the occurrence or long-term consequences of perinatal brain injury.

Strategies to reduce long-term impact of perinatal brain injury {#s02}
===============================================================

Magnesium sulfate {#s03}
-----------------

In the 1980s and 90s, researchers observed that rates of IVH and CP were lower among children whose mothers were exposed to magnesium sulfate \[[@bib-006]-[@bib-008]\]. In response to these observations, a number of retrospective studies exploring the association between magnesium and CP were published with mixed results \[[@bib-009]-[@bib-011]\]. Subsequently, five randomized controlled trials (RCTs) have been completed \[[@bib-012]-[@bib-016]\]. The largest trial included 2,241 mothers at risk for delivery between 24 and 31 weeks estimated gestational age (EGA) and demonstrated a relative risk (RR) of CP among magnesium sulfate-exposed children of 0.55 (95% confidence interval \[CI\] 0.32 to 0.95) compared to non-exposed children \[[@bib-016]\]. Several meta-analyses, including a Cochrane Review, of these studies have been completed \[[@bib-017]-[@bib-019]\]. Costantine and colleagues concluded that magnesium sulfate significantly reduced the risk of CP among children delivered less than 32 to 34 weeks EGA with an RR for moderate to severe CP of 0.60 (95% CI 0.43 to 0.84) \[[@bib-017]\]. Conde-Agudelo and Romero similarly concluded a protective effect of magnesium sulfate with an RR for moderate to severe CP of 0.64 (95% CI 0.44 to 0.92) for infants delivered less than 34 weeks EGA \[[@bib-018]\]. In a recently published Cochrane Review including the same five trials, Doyle and colleagues concluded that although there was no significant effect of magnesium sulfate on pediatric mortality, there were significant reductions in neurologic injury (RR 0.85, 95% CI 0.74 to 0.98). They concluded that the number of women needed to be treated with magnesium sulfate to prevent one case of CP was 63 (95% CI 43 to 155) \[[@bib-019]\]. In light of these studies, the American College of Obstetricians and Gynecologists (ACOG) and the Society for Maternal-Fetal Medicine support the short-term use of magnesium sulfate for perinatal neuroprotection in fetuses at risk of delivery less than 32 weeks EGA \[[@bib-020]\].

Magnesium sulfate must be used with caution and the use of protocols for administration is recommended. Prolonged use (\>48 hours) is contraindicated due to the risk of bone abnormalities and calcium, phosphorous, and magnesium derangements in mothers and infants \[[@bib-021]-[@bib-024]\]. These risks recently prompted the Food and Drug Administration to change its categorization of magnesium sulfate from Pregnancy Category "A" (adequate and well-controlled studies have failed to demonstrate a risk to the fetus in the first trimester of pregnancy and there is no evidence of risk in later trimesters) to Pregnancy Category "D" (there is positive evidence of human fetal risk based on adverse reaction data from investigational or marketing experience or studies in humans, but potential benefits may warrant use of the drug in pregnant women despite potential risks) \[[@bib-025]\]. Although term infants are also at risk for CP, and there is a potential that magnesium sulfate is neuroprotective for high-risk term infants, no published evidence supports the use of magnesium sulfate to prevent CP among infants born at term.

Therapeutic hypothermia {#s04}
-----------------------

Animal models and studies of adults undergoing cardiovascular procedures prompted investigators in the 2000s to investigate the role of therapeutic hypothermia for newborns with perinatal asphyxia (hypoxic-ischemic encephalopathy, HIE). Therapeutic hypothermia is thought to protect neurons from secondary injury as brain metabolism returns to normal following an asphyxia event. A number of RCTs demonstrate reductions in death and/or disability associated with therapeutic hypothermia. Although these studies used varied protocols and investigated different outcomes, most demonstrated at least some benefit in certain populations treated with hypothermia \[[@bib-026]-[@bib-031]\]. One of the larger studies included 208 term infants with evidence of HIE, 102 of whom were treated with whole-body hypothermia and 106 of whom underwent usual care. The primary outcome of death or moderate to severe disability at 18 to 22 months of age occurred in 44% of children treated with hypothermia versus 62% of children in the control group (RR 0.72, 95% CI 0.54 to 0.95) \[[@bib-027]\]. A recent systematic review of 11 RCTs including 1,500 neonates (≥36 weeks EGA) showed therapeutic hypothermia significantly reduced mortality or major neurodevelopmental disability up to 18 months of age with an RR of 0.75 (95% CI 0.68 to 0.83) \[[@bib-032]\]. In light of these studies, cooling is now recommended within 6 hours of birth for term or near-term neonates with symptoms of moderate to severe HIE. Therapeutic hypothermia requires considerable resources that are typically only available at tertiary care centers \[[@bib-033]\]. A broad community awareness of the symptoms of HIE and the importance of prompt initiation of therapy (which may require transfer to a tertiary care center) is particularly important for optimizing this strategy of perinatal neuroprotection.

Strategies to prevent perinatal brain injury {#s05}
============================================

Delayed clamping of the umbilical cord {#s06}
--------------------------------------

The decision about the appropriate time to clamp the umbilical cord has been debated for centuries. It is agreed that volemic state of the neonate is partially dependent on when the umbilical cord is clamped \[[@bib-034]\]. Immediate cord clamping (ICC) has historically been advocated to facilitate rapid resuscitation for preterm infants \[[@bib-035]\], to facilitate collecting umbilical cord blood gases \[[@bib-036]\], and for reduction in maternal hemorrhage. However, there is an expanding body of literature supporting delayed clamping of the umbilical cord (DCC) to prevent perinatal brain injury (among other beneficial neonatal outcomes), especially among premature infants.

Hofmeyr and colleagues performed an RCT of 38 women with preterm labor and compared ICC to DCC in 1988. This study revealed a significant decrease in ultrasound evidence for IVH in preterm infants with DCC versus ICC (35% versus 77%) \[[@bib-037]\]. Posited mechanisms for decreased rates of IVH associated with DCC include reduced risk of hypoperfusion and improved oxygen delivery to the brain \[[@bib-038]\]. Additionally, avoidance of packed red blood cell transfusion may reduce the risk of a reperfusion event. Further, DCC ensures that adequate clotting factors are delivered to the infant \[[@bib-039]\]. Finally, umbilical cord stem cells appear to be neuroprotective and have reduced infarct volume of hypoxic ischemic strokes in animal models \[[@bib-040]\]. Since the 1980s, multiple RCTs have revealed the potential benefits of DCC, including a decrease in red blood transfusion \[[@bib-041]-[@bib-043]\], decreased fluid resuscitation, lower incidence of IVH \[[@bib-037],[@bib-044]\], and delayed onset of sepsis \[[@bib-044]\]. Other studies of DCC have identified the risks of volume overload, polycythemia \[[@bib-045],[@bib-046]\], hyperbilirubinemia \[[@bib-047],[@bib-048]\], and the need for readmission for phototherapy as reasons to perform ICC. However, a 2006 RCT of infants less than 32 weeks confirmed the benefits of DCC and showed no increased risk of hyperbilirubinemia or adverse events due to polycythemia \[[@bib-044]\]. Based on this body of literature, ACOG now recommends a delay (\>30 seconds) for infants delivered less than 32 weeks EGA with a potential 50% reduction in rates of IVH \[[@bib-049]\]. A potential alternative option for DCC is umbilical cord "milking" or sweeping across the umbilical cord to push blood towards the fetus. Rabe and colleagues performed an RCT of 58 neonates delivered less than 34 weeks EGA comparing milking of the umbilical cord versus DCC. They concluded that milking the umbilical cord four times achieved similar amounts of placental-fetal blood transfusion as DCC \[[@bib-050]\]. Should future studies confirm efficacy of umbilical cord milking, this may replace DCC and assuage concerns over the 30-second delay in neonatal resuscitation that arises from DCC.

Data supporting the use of DCC for prevention of perinatal brain injury among infants born at term is lacking. Term infants are at lower risk for packed red blood cell transfusions, IVH, and late-onset sepsis, thus reductions in these outcomes have not been demonstrated. The main benefit conferred from DCC in term infants is increased iron stores at 4 to 6 months of life. Iron is utilized in brain development \[[@bib-051]\] and studies have demonstrated correlations between reduced iron stores and cognitive and behavioral deficits \[[@bib-052]\]. In a meta-analysis of 15 available trials on term neonates, Hutton and Hassan concluded that delaying clamping of the umbilical cord has beneficial effects on iron status. Although this meta-analysis did not address the issue specifically, improved iron stores may impact neurodevelopmental outcomes, particularly among children in developing countries and breastfed infants who are not supplemented with iron \[[@bib-053]\]. A recently published Cochrane review, which included 15 trials and a total of 3,911 term infants, revealed improvement in iron stores in infants who had DCC versus ICC \[[@bib-054]\]. The only published trial to formally study neurodevelopmental outcomes among children with DCC versus ICC did not show a difference \[[@bib-055]\]. At this time, the ideal timing of clamping of the umbilical cord in term infants to optimize neurological outcomes is not clear.

Infections {#s07}
----------

A considerable number of studies have supported the conclusion that maternal infections of any type, but particularly infection of the fetal membranes (chorioamnionitis), are associated with the development of CP in term and preterm infants \[[@bib-056]-[@bib-059]\]. The mechanisms of fetal brain injury due to infection are likely associated with elevated maternal temperature; release of cytokines, free radicals, and glutamate; and vascular injury associated with infection \[[@bib-060]\]. There is evidence that the fetal immune system and inflammatory responses in the fetus are drivers of brain injury when infections occur. The fetal inflammatory response syndrome (FIRS), described by Romero and colleagues, is characterized by changes in fetal hematologic profiles, including increased white blood cell and neutrophil counts \[[@bib-061]\].

The most commonly studied association is between chorioamnionitis and CP. In 2000, Wu and Colford performed a meta-analysis of 26 studies and demonstrated that clinical chorioamnionitis was associated with CP with an RR of 1.9 (95% CI 1.4 to 2.5). Among only full-term infants, the RR was 4.7 (95% CI 1.3 to 16.2) \[[@bib-062]\]. A meta-analysis by Shatrov and colleagues of 15 studies published since 2000 again demonstrated an association between clinical chorioamnionitis and CP with an odds ratio (OR) of 1.83 (95% CI 1.17 to 2.89) \[[@bib-063]\]. Unfortunately, there does not appear to be a reduction in risk of CP with antibiotic administration or immediate delivery upon diagnosis of chorioamnionitis.

Other studies suggest that the association between maternal infection and CP is not limited to uterine infections. Ahlin and colleagues performed a case-control study of 309 term-delivered children with CP and showed an association between spastic hemiplegia-type CP and bacteruria (OR 4.7, 95% CI 1.5 to 15.2), any infectious disease during pregnancy (OR 2.9, 95% CI 1.7 to 4.8), severe infection during pregnancy (OR 15.4, 95% CI 3.0 to 78.1), and antibiotic therapy during pregnancy (OR 6.3, 95% CI 3.0 to 15.2) \[[@bib-064]\]. Wu et al. performed a population-based study in Denmark including all first-bornsingletons born between January 1982 and December 2004 to investigate the association between CP (or epilepsy) and maternal infection either before or during pregnancy. The study included approximately 625,000 children and demonstrated that maternal infection of the genitourinary system during pregnancy was associated with an increased risk of CP (adjusted hazard ratio \[aHR\] 1.63, 95% CI 1.34 to 1.98). A history of genitourinary infection prior to pregnancy was not associated with an increased risk of CP \[[@bib-065]\]. Finally, Streja and colleagues recently published a case-controlled study of more than 80,000 mothers and showed that self-reported vaginal infections (aHR 1.52, 95% CI 1.04 to 2.24) and fever during pregnancy (aHR 1.53, 95% CI 1.06 to 2.21) were associated with increased risk of CP \[[@bib-066]\].

The pathophysiologic mechanisms whereby maternal infection causes fetal brain injury have yet to be clearly elucidated, although the growing body of research on the fetal-maternal interface, FIRS, and the fetal immune system in general is likely to provide significant opportunities for intervention. Until strategies to protect the fetal brain from the impacts of maternal infection are available, perinatal neuroprotective strategies with regard to infection are limited. Treatment of maternal fever, augmentation of labor for patients at full term with premature rupture of membranes, and avoidance of excessive cervical examinations after ruptured membranes may be important strategies to prevent perinatal brain injury, but such data are lacking. In the future, a better understanding of the biochemical mechanisms of infection-related perinatal brain injury may improve options for perinatal neuroprotection in the setting of infection.

Prevention of preterm birth {#s08}
---------------------------

Given the high association between perinatal brain injury and prematurity, any strategy that reduces preterm birth will also reduce the occurrence of perinatal brain injury. Unfortunately, the ability to predict or prevent preterm birth is extremely limited and the majority of preterm deliveries occur in women who were not identified prenatally to be high-risk. There has been recent improvement in preventing *recurrent* preterm birth and preterm birth in women with a prenatally diagnosed short cervix. Over the last 5 years, a number of well-conducted RCTs have demonstrated the benefit of progesterone supplementation for the prevention of preterm birth among certain high-risk women. Meis and colleagues at the National Institute of Child Health and Human Development showed that treatment of women with a history of prior preterm birth with 17 hydroxyprogesterone acetate (17P) reduced the risk of recurrent preterm birth at all gestational ages with an RR for delivery less than 32 weeks EGA of 0.58 (95% CI 0.37 to 0.91) \[[@bib-067]\]. Romero and colleagues performed a meta-analysis including 5 trials and 775 women and investigated the role of vaginal progesterone in women with ultrasound evidence of decreased cervical length. The authors demonstrated a significant reduction in preterm birth at all gestational ages, with an RR of 0.5 (95% CI 0.3 to 0.81) for delivery less than 28 weeks \[[@bib-068]\]. Currently, progesterone for at-risk women is the only available strategy to prevent perinatal brain injury by preventing preterm births. Unfortunately, techniques to stop or prevent spontaneous preterm labor are lacking and studies evaluating routine cervical length screening, uterine monitoring, and other techniques in low-risk women have been unsuccessful.

Emerging strategies {#s09}
===================

Banked umbilical cord blood {#s10}
---------------------------

Human umbilical cord blood is rich in pluripotent cell types such as mesenchymal stem cells that have high regenerative potential in many types of tissues, including neuronal tissue. Banked umbilical cord blood has been used for decades as a source of stem cells to treat a variety of hematologic diseases such as inherited anemias or hematologic malignancies \[[@bib-069]\]. Several studies in rodent models suggest that stem cells derived from umbilical cord blood may have therapeutic potential for HIE. Studies by both Meier and colleagues \[[@bib-070]\] and Pimentel-Coelho and colleagues \[[@bib-071]\] demonstrate that intraperitoneal administration of human umbilical cord blood-derived stem cells resulted in alleviation of neurologic symptoms in neonatal rats following carotid artery ligation and exposure to low oxygen conditions shortly after birth (a model felt to appropriately replicate human perinatal asphyxia). Xia and colleagues performed intracerebral transplantation of mesenchymal stem cells from cord blood into rats exposed to HIE conditions and demonstrated improvement in neurological severity scores \[[@bib-072]\]. Although there is not yet evidence of benefit in humans and infusion of cord blood is not currently an available treatment modality for HIE, experts on the topic have called for clinical trials \[[@bib-073]\] and according to the United States database of ongoing clinical trials (clinicaltrials.gov), there appear to be at least two ongoing studies \[[@bib-074]\].

Erythropoietin {#s11}
--------------

Erythropoietin (Epo) is a hematopoietic cytokine that has been demonstrated to have neuroregenerative, angiogenic, and anti-inflammatory effects in the brain. This observation led to investigation of Epo as a potential agent for mitigating the effects of HIE. Several animal trials have demonstrated approximately 40% to 50% improvement in neuron counts in rodents exposed to HIE conditions followed by treatment with Epo \[[@bib-075]-[@bib-077]\]. A number of other rodent studies have demonstrated improved neurologic outcomes in HIE and neonatal stroke rodent models with Epo treatment \[[@bib-078]-[@bib-081]\]. These and other animal studies prompted human studies. A study by Zhu and colleagues included 167 term infants with moderate to severe HIE who were randomized to receive either Epo or supportive therapy (not including therapeutic hypothermia). In 18 months of follow-up, death or moderate/severe disability occurred in 43.8% of the control group and 24.6% of the Epo group (*P* = 0.017) \[[@bib-082]\]. Elmahdy et al. performed a prospective case-control study to examine biochemical and other changes associated with Epo therapy in HIE-affected neonates. The study included 15 normal healthy infants, 15 infants with mild to moderate HIE who were treated with Epo, and 15 infants with mild to moderate HIE who did not receive Epo. None of the HIE-affected infants were cooled. This study showed significant improvement in the electroencephalograms in the Epo-treated HIE-affected infants in addition to decreased nitric oxide concentrations at 2 weeks of life. At 6 months, Epo-treated infants had improved neurologic and developmental outcomes \[[@bib-083]\]. Given the considerable improvement in outcomes associated with neonatal hypothermia for HIE-affected neonates, Wu and colleagues performed a phase I study to investigate the use of Epo in conjunction with cooling. They demonstrated that in 24 infants with HIE, Epo administered to infants undergoing therapeutic hypothermia is well tolerated and produces plasma concentrations that are neuroprotective in animals \[[@bib-084]\]. At this time, there appear to be a number of ongoing larger human randomized trials investigating the long-term effects of Epo in conjunction with therapeutic hypothermia for treatment of HIE \[[@bib-074]\].

Other investigational interventions {#s12}
-----------------------------------

In addition to cord blood and Epo, there are multiple agents that are currently under investigation in animal models to improve neurologic outcomes for HIE. Strategies to improve neuroregeneration, modify the immune response to hypoxia, and improve angiogenic responses to hypoxia are all areas of active investigation. Compounds that have demonstrated neuroprotective effects in animal models include uridine (the principal pyrimidine in humans and a membrane phospholipid precursor) \[[@bib-085]\], levetiracetam (which appears to reduce neuronal apoptosis) \[[@bib-086]\], microRNA-210-mimics (which likely play a role in cellular regulation in response to hypoxemia) \[[@bib-087]\], ethyl pyruvate (which has shown efficacy in other conditions, including hemorrhagic shock and sepsis) \[[@bib-088]\], melatonin (which has anti-inflammatory, sedative, and protective effects against oxidative stress) \[[@bib-089]\], thyroxine (which is important for oligodendrocyte maturation and myelination) \[[@bib-090]\], and Shenfu, a traditional Chinese herb \[[@bib-091]\]. Studies investigating other agents are being published almost daily. These agents will need to be studied more broadly in animal models, and if they continue to demonstrate efficacy and safety in rodents, they will require testing in humans. Ultimately, it seems likely that in the future a "cocktail" of various agents will be utilized to treat infants with HIE that will act on the different pathways that lead to long-term injury.

Future directions {#s13}
=================

The strategies described here clearly have the potential to reduce the incidence and long-term consequences of perinatal brain injury. However, there are still high rates of morbidity and mortality associated with perinatal brain injury. Prediction and prevention of preterm birth are critical steps in reducing this outcome. Additionally, clinical tools to reliably predict term fetuses at risk for HIE and strategies to ameliorate that risk before brain injury occurs are imperative. Finally, a better understanding of the pathophysiologic mechanisms of brain injury due to various perinatal insults is necessary for development of tools to prevent the neural consequences of unavoidable injuries.
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